Organogenesis requires coordination between developmental programs and cell cycle progression. The Cip/Kip families of cyclindependent kinase inhibitor (CKI) are main effectors linking these two programs. In many instances, expression of Cip/Kip CKIs are increased abruptly in cells entering their last mitotic cycle, suggesting that CKI expression is developmentally regulated. Expression of Dacapo (Dap), a Drosophila Cip/Kip CKI, is transiently up-regulated immediately before cells enter G1 arrest. Here we report that dap transcription is controlled by modular arrays of tissues specific cis-regulatory elements. Furthermore, we identified pan-neural Prospero as a regulator of dap transcription in the developing nervous system, providing an example how tissue-specific developmental programs can be linked to cell cycle progression. q
Introduction
During development, cell proliferation and differentiation must be precisely coupled to ensure the proper formation of an organism. Increasing or decreasing the numbers of a particular cell type, due to over proliferation or premature differentiation, respectively, results in the malformation of a tissue or even leads to the death of an organism. Cell proliferation is regulated by a family of cyclin-dependent kinases (CDKs), which together with Cyclins, promote the transition of cell cycle phases. The activities of CDK-Cyclin complexes are regulated by Cyclin-dependent kinase inhibitors (CKIs). Two families of CKIs have been identified based on their structure and targets (Sherr and Roberts, 1999) . The p16
INK4a families, including p15, p16, p18, and p19, are composed of multiple ankyrin repeats and specifically inhibit the catalytic subunits of cyclin D-dependent kinases, cdk4 and cdk6. Whereas the p21 Cip/Kip families, including p21 cip , p27 kip1 and p57 kip2 , all contain a conserved amino-terminal domain that binds to and inhibits all kinases involved in G1/S transition.
The mammalian Cip/Kip family members are up-regulated during cell differentiation (Halevy et al., 1995; Parker et al., 1995) and expressed in terminally differentiated tissues (Halevy et al., 1995; Lee et al., 1995) , indicating that CKIs have a critical role in regulating cell cycle exit and initiating differentiation. This is further supported by cell culture experiments. Overexpression of the Cip/Kip family members in cultured cells arrest cells in G1 phase (Harper et al., 1993; Lee et al., 1995; Toyoshima and Hunter, 1994) and, in some cells, results in a differentiation phenotype (Kranenburg et al., 1995; Liu et al., 1996) . Mice deficient for one or more members of the Cip/Kip family show tissue-specific defects, suggesting that the Cip/Kip family is required for the proper development of these tissues. For example, p57 kip2 mutant mice have developmental defects in the formation of the palate, intestine, and endochondral bone (Yan et al., 1997) . p21 cip and p57 kip2 double knockout mice show severe defects in skeletal muscle . Defects in lens fiber differentiation have been observed in p27 kip1 and p57 kip2 double knockout mice (Zhang et al., 1998) . The mechanisms underlying the tight cooperation between cell cycle progression and the developmental programs of multicellular organisms have only recently started to emerge. Recent studies suggest that developmental control of cell cycle progression could be achieved through control of a few core components of the cell cycle machinery by regulatory genes that are part of tissue/lineage specific developmental programs. For example, transient expression of mammalian proneural genes neuroD2, mash1, and neurogenin-1 can convert mouse p19 embryonal carcinoma cells into differentiated neurons (Farah et al., 2000) . HOXA10, a homeodomain transcription factor, together with its partners, can activate p21 cip transcription resulting in differentiation of myelomonocytic cells (Bromleigh and Freedman, 2000) . In Caenorhabditis elegans, lin-14, a heterochronic gene, activates the transcription of cki-1, a member of the Cip/Kip family of CKIs, to prevent the vulva precursor cells from dividing during the larval 2 stage (Hong et al., 1998) . Thus, CKIs appear to be major effectors of differentiation pathways and provide crucial links between developmental pathways and the cell cycle control machinery (see review by Zhang, 1999) .
Drosophila has one identified G1/S CKI gene, dacapo (dap), with structural similarity to the vertebrate Cip/Kip family. dap protein (Dap) has been shown to bind and inhibit the activity of cdk2/cyclinE complexes and maintain G1 arrest (de Nooij et al., 1996; Lane et al., 1996) . Loss-offunction mutations in dap cause an extra round of mitotic division in the embryonic epidermis (de Nooij et al., 1996; Lane et al., 1996) . In addition, ectopic mitotic activity and disruption of the mitotic domain structure are observed in the optic lobes of third instar larvae (Wallace et al., 2000) . Alternatively, premature expression of dap in embryos results in precocious G1 arrest (de Nooij et al., 1996; Lane et al., 1996) . These observations suggest that dap, like vertebrate CKIs, is important for regulating cell cycle exit at the proper developmental time.
Consistent with its role as a CKI, dap expression is tightly correlated with cells exiting mitotic activity (de Nooij et al., 1996; Lane et al., 1996) . In embryonic development, zygotic dap expression is first seen during cellularization and then in the amnioserosa during gastrulation. Following germband extension, dap RNA is observed in the developing central nervous system (CNS) and epidermis. In the developing CNS, dap RNA expression is generally initiated in ganglion mother cells (GMCs) before they enter the terminal division to give rise to differentiated neurons or glia. In the epidermis, dap transcripts increase abruptly just before mitosis 16, the last mitotic cycle for the majority of the epidermal cells. After germband retraction, dap expression is restricted mainly to the developing CNS and peripheral nervous system (PNS). Expression of the protein closely matches dap RNA expression suggesting that regulation of dap transcription may be a major mechanism for the proper regulation of Dap activity.
A tight correlation of dap expression with cells exiting mitotic activity is also observed during larval development. In the optic lobes of third instar larvae, there are highly organized domains of proliferation and differentiation. Two of the major areas of mitotic activity in the optic lobes are the outer and inner proliferation centers (OPC and IPC, respectively). The IPC forms in a crescent shape at a more interior position of the brain with respect to the OPC. Ectopic expression and loss-of-function of two panneural transcription factors, Deadpan (Dpn) or Asense (Ase) changes mitotic activity in the optic lobes, illustrated by disruptions in the OPC. These disruptions appear, at least in part, to be mediated by associated changes in the expression pattern of dap (Wallace et al., 2000) . These observations suggest that expression of dap needs to be precisely coupled with the developmental programs of specific cell lineages to ensure that cell cycle progression is coordinated with tissue and lineage specific growth and differentiation. Hence, developmental regulation of dap transcription may represent a critical mechanism for controlling Dap activity.
Recently the cis-regulatory elements of two Drosophila cell cycle regulatory genes, string/cdc25 (stg), encoding a cdc25 type phosphatase, and Drosophila cyclin E (DmcycE), have been identified (Jones et al., 2000; Lehman et al., 1999; Edgar et al., 1994a) . stg is the limiting factor of G2/M transition while DmcycE is essential for progression into S phase (Edgar and O'Farrell, 1989; Edgar et al., 1994b; Knoblich et al., 1994; Richardson et al., 1993) . Both genes exhibit high complexity in transcriptional regulation that is controlled by tissue-specific cis-regulatory elements (Jones et al., 2000; Lehman et al., 1999; Edgar et al., 1994a) . In mutant embryos of pattern formation genes, such as bicoid, hunchback, and neurogenic genes, such as Notch, Enhancer of split, there is altered transcription of stg, indicating developmental regulation of stg expression (Edgar et al., 1994a) . stg has also been shown to be regulated by the developmental regulator gene, prospero (pros), during Drosophila embryogenesis (Li and Vaessin, 2000) .
pros is a pan-neural gene that encodes an atypical homeodomain protein (Pros) expressed in all neuronal lineages Doe et al., 1991; Matsuzaki et al., 1992; Vaessin et al., 1991) . Analyses of loss-of-function and ectopic expression of Pros in Drosophila embryos shows that pros function regulates mitotic activity and the RNA expression of several other cell cycle genes, including stg, DmcycE, and E2f (Li and Vaessin, 2000) . In vertebrate, Prox1, the mouse Pros homologue, has been shown to play a role in cell cycle regulation. Expression of two CKIs, p27 kip1 and p57 kip2 is down-regulated in lens fiber of mice lacking Prox1 (Wigle et al., 1999) .
It has been shown for various Cip/Kip CKIs in multicellular organisms, that in many instances, up regulation of Cip/ Kip gene transcription immediately precedes the exit of mitosis in differentiating cells (de Nooij et al., 1996; Halevy et al., 1995; Hong et al., 1998; Lane et al., 1996; Lee et al., 1995) . However, the exact mechanism of the transcriptional regulation of Cip/Kip CKIs is poorly understood. We address this issue by studying the relationship between Drosophila embryonic development and the transcriptional regulation of dap. We first identify the cis-regulatory elements of the Drosophila dap transcription unit using a series of reporter gene constructs. Our data indicate that dap transcription is controlled by a modular array of tissue-specific elements. Furthermore, we show that pan-neural Pros function is required for proper regulation of dap expression in the developing nervous system.
Results

dap transcription is controlled by a modular array of cis-regulatory elements
To identify the cis-regulatory regions critical for dap transcription, we first determined the genomic structure of the dap transcription unit. The sequence of dap cDNA (U68477) was aligned with the genomic DNA sequence, generated by the Drosophila Genomic project, in the 46B region of the Drosophila genome (AC005894, BDGP). These alignments show that the dap transcription unit is interrupted at position 795 (U68477) by a small 59 base pair (bp) intron (position 104016-104074 of AC005894), and a 1344 bp intron (position 104476-105819 of AC005894) at position 1196 in the dap cDNA sequence (U68477). To map the elements controlling dap transcription, we tested sequences located upstream and downstream of the dap transcription unit as well as the intron sequences by generating a series of lacZ reporter constructs ( Fig. 1 ) and established transgenic lines. All map positions provided in the following are with regard to the first base of the ATG at the translation start site (position bp 103852 of AC005894, BDGP). LacZ mRNA and bgal protein expression was determined at different developmental stages for each reporter gene construct. At least four independent transgenic lines were generated and analyzed for each construct.
cis-regulatory sequences that account for all main spatial and temporal elements of dap expression were identified.
cis-regulatory elements located within a 6 kb region upstream of the dap transcription unit and in the dap introns can account for most, if not all, spatial and temporal pattern components of dap transcriptional expression (Fig. 2) . In contrast, sequences located immediately 3 0 of the dap transcription unit appear not to contain any spatial and/or temporal specific transcriptional regulatory elements.
Epidermal expression
dap is expressed transiently in different tissues just before cells enter the last cell cycle (de Nooij et al., 1996; Lane et al., 1996) . For instance, during early gastrulation, dap is expressed in the amnioserosa (Fig. 3A) , where cells are arrested in G2 phase at the beginning of embryonic cell cycle 14 and exit cell division earlier than most of the other cells. During germband extension, dap expression appears in the tracheal pits ( Fig. 3C ) and epidermal cells, in which dap transcripts increase quickly right before the onset of mitosis 16 which is the last mitotic cycle (Fig. 3E) . 
PNS expression
When epidermal cells complete their final division, some cells in the PNS and CNS still undergo divisions. Consistent with this observation, after germband retraction, the majority of dap transcripts are detected in the developing PNS and CNS (Fig. 3G,I suggesting that dap expression in the CNS and PNS are regulated by separate cis-regulatory elements.
Embryonic CNS expression
In most neuroblast lineages, dap RNA expression begins just before GMCs enter the last division to give rise to two mitotically inactive cells that will enter terminal differentiation. In addition to epidermal expression, Dap-5 0 -2 1 UTR also drives lacZ expression in a subset of late dividing GMCs in the developing CNS (stage 13 and later) that mainly give rise to glia (data not shown).
We tested whether sequences in Intron 1, or sequences between Introns 1 and 2, can contribute to reporter gene expression. Since Intron 1 itself is rather small, we tested together with Intron 2. Reporter gene expression driven by Intron 2 alone, Dap-B, and Intron 1 and Intron 2 together, Dap-SB, does not exhibit any obvious differences during embryogenesis. dap Intron 2 sequences, Dap-SB and Dap-B, mediate expression predominately in the developing CNS and in midgut visceral mesoderm (Fig. 3L and data not shown), similar to the pattern observed for wild-type dap. In the developing CNS Dap-SB is expressed in both neuronal and lateral glial lineages (data not shown). When we dissected the 1344-bp Intron 2 into 529 and 840-bp fragments, Dap-BB and Dap-HB (Fig. 1) , respectively, we found Dap-HB drives reporter gene expression in most of the CNS and hindgut visceral mesoderm, while Dap-BB directs expression in migrating pole cells and in a subset of epidermal cells (data not shown). Since the expression of Dap-B and Dap-SB, both of which contain the entire Intron 2, is not seen in a subset of epidermal cells, Dap-HB appears to contain a negative regulatory element, which in the context of entire intron 2 sequence, suppresses reporter gene expression in the developing epidermis. Further deletion of the 5 0 295 bases of Dap-HB, limits reporter gene expression mainly to the midline glial lineages (Dap-DEL; Figs. 1 and 2 ). This observation suggests separate sequences drive dap-lacZ expression in cell type-specific lineages.
Larval CNS expression
During the third instar larval stage, dap gene function is critical for proper formation of the larval optic lobes. Loss of dap function results in a disruption of the mitotic domain structure as well as ectopic cell proliferation in the larval optic lobes (Wallace et al., 2000) . Consistent with a role in restricting cell proliferation, dap expression in the larval optic lobes is mainly limited to cells entering G1 arrest and/or terminal differentiation (Wallace et al., 2000) . To identify the transcriptional regulatory elements required for dap expression during larval CNS development, we analyzed reporter gene expression of the various constructs in the CNS of third instar larvae. dap mRNA is expressed in neuronal lineage cells of the ventral nerve cord, and optic lobes of the third instar larval CNS (Wallace et al., 2000) . In optic lobes, dap mRNA is expressed in the IPC, lamina furrow (LF) as well as a band of cells at the border between the OPC and the brain (Fig. 4A) . Analyzing the lacZ mRNA expression patterns, we found that the reporter gene constructs that drive expression in embryonic CNS are also active in the larval CNS (Figs. 1, 2 and 4B) .
Dap-SB appears to contain all of the cis-regulatory elements required for proper larval CNS expression. However, more detailed analysis of this cis-regulatory region revealed an array of elements that are required for complete larval CNS expression. Dap-HB drives reporter gene expression in a pattern similar to wild-type dap in the IPC and LF of third instar larval optic lobes, but in addition to the posterior border of the OPC, Dap-HB drives reporter gene expression ectopically in the OPC where cells are in mitosis (Fig. 4A,C) . Compared to Dap-SB, reporter gene expression of Dap-HB in the OPC forms a broader band including one distinct area of high level expression (Fig. 4C, indicated by arrows) . This observation indicates that some regulatory sequences essential to exclude dap expression from the OPC are absent in Dap-HB. Dap-PF, containing the genomic fragment of Dap-HB minus 75 bases, lost the ability to drive lacZ expression in LF while maintaining the pattern in the IPC and OPC as observed in Dap-HB (data not shown). Dap-DEL, which deletes the 5 0 295 bases of Dap-HB, is only expressed posterior to the OPC, and abolishes reporter gene expression in the IPC (Fig. 4D) . Furthermore, while both Dap-SB and Dap-B drive reporter gene expression in the optic lobes, lacZ mRNA expression of Dap-SB in the LF is more complete compared to Dap-B (data not shown). This indicates that the addition of sequences, including Intron 1, present in Dap-SB contribute to transcriptional regulation of dap in the larval CNS.
Imaginal discs expression
dap has been reported to be expressed in imaginal discs later in development. In eye discs, dap is expressed at the posterior edge of the morphogenetic furrow (MF), where cells have just withdrawn from mitotic activity and are entering G1 arrest ( Fig. 4E; de Nooij et al., 1996; Lane et al., 1996) . Expression of reporter constructs shows that the cis-regulatory elements driving expression in eye, wing, and leg discs are located mainly in Intron 2. Further examination shows that Dap-HB is able to mediate expression in eye discs similar to wild-type dap (Fig. 4F) . In Dap-DEL, the expression in eye discs is abolished, suggesting that the 5 0 295 bases of intron 2 are essential for driving reporter gene expression in the eye discs. Contrasted with its ability to mediate expression in eye discs, Dap-HB shows no significant lacZ expression in either wing or leg discs. On the other hand, the construct containing 5 0 529 bases of intron 2, Dap-BB shows expression in wing and leg discs in a manner similar to endogenous dap expression (data not shown).
There is consistency of expression of reporter constructs in similar tissues in both embryos and larva. The expression of Dap-BB in larval imaginal discs, which are derived from epithelial primordia, is consistent with its expression in epidermal cells during embryogenesis. Also, the Dap-4 0 2 0 reporter gene exhibits expression in chordotonal organs during embryogenesis as well as in the chordotonal organ lineages of the leg discs in the larva (data not shown).
dap transcription is regulated by developmental genes
To understand the degree to which dap expression depends on cell cycle regulators, we tested dap transcriptional expression in homozygous stg mutant embryos. stg, a Drosophila cdc25 homologue, is required for the G2/M transition. Cell cycle progression in stg mutant embryos arrests at embryonic cell cycle 14 (Edgar et al., 1994a) . While cell cycle arrest in stg mutant embryos results in severe morphological defects, the temporal and spatial pattern of dap RNA expression appears to be normal and at the proper development stage despite the absence of cell division after cell cycle 14 (data not shown). This observation is also consistent with the dap protein expression in stg mutant embryos (de Nooij et al., 2000) . Thus, transcrip- tional regulation of dap expression does not depend on cell cycle progression or reaching certain number of cell cycles.
The Drosophila gene pros has previously been shown to regulate the transcription of cell cycle regulators during embryonic neurogenesis (Li and Vaessin, 2000) . In most neuroblasts Pros protein is localized asymmetrically to the cytoplasmic membrane (Hirata et al., 1995; Knoblich et al., 1995; Spana and Doe, 1995) . Upon neuroblast division Pros is distributed only to one daughter cell, the GMC, were it translocates into the nucleus of the GMC. The translocation of Pros into the GMC nucleus coincides with time when GMCs start to express dap and the developmental decision to initiate the exit from mitosis and to initiate terminal differentiation is made (de Nooij et al., 1996; Lane et al., 1996) . To investigate whether pros also plays a role in regulating dap expression, we analyzed dap expression in homozygous pros mutant embryos (Fig. 5) . There are at least two phases of dap expression during embryonic neurogenesis that require Pros activity. During activation of dap expression in the developing CNS at stage 10 and early stage 11, a distinct delay in the appearance of dap transcripts is observed in homozygous pros mutant embryos (Fig.  5B,D) as compared to wild-type embryos (Fig. 5A,C) . This suggests that pros function is required for the timely activation of dap expression. However, dap expression, albeit delayed, ultimately is activated, indicating that redundant factors can activate dap expression in the absence of Pros. Thus, at late stage 11 dap expression in pros mutant embryos (Fig. 5F ) is similar to that in wild-type embryos (Fig. 5E ). The onset of epidermal dap RNA expression during stage 12 (Fig. 5G,H) interferes with the identification of differences in dap RNA expression in the developing nervous system. By stage 16, dap expression in the developing CNS becomes restricted to a small subset of cells (Fig. 5I) . However, in homozygous pros mutant embryos we observed continued high levels of dap expression (Fig.  5J) . Furthermore, ectopic Pros driven by Krüppel (Kr) Gal4 (borders indicated by arrows in Fig. 5L ), effectively suppresses dap expression within this domain (Fig. 5L) . These results indicate that during the late phase of embryonic neurogenesis Pros function is also required to terminate dap expression.
To determine if the requirement of pros function for dap expression is reproduced by dap reporter gene constructs, we tested reporter gene expression in a pros loss-of-function background, as well as in embryos with ectopic Pros expression. In these experiments cis-regulatory regions were identified that recapitulated the two modes of Pros function. The expression of the Dap-SB lacZ construct was strongly reduced in the CNS of homozygous pros mutant embryos (Fig. 6) , supporting a role for Pros in the proper activation of this element. Ectopic mitotic activity and compensatory cell apoptosis have been shown in late-stage pros homozygous mutant embryos (Li and Vaessin, 2000) . This raises the question whether the observed reduction of Dap-SB reporter gene expression is a consequence of decreasing cell numbers. Double staining for DNA and lacZ shows no significant reduction in the cell numbers of the CNS in a pros mutant background, when dramatic reduction of Dap-SB reporter gene expression is observed (data not shown). This observation indicates that it is unlikely that the reduced expression of reporter gene in pros mutant embryos is the consequence of reduced cell numbers. However, we cannot presently exclude the possibility that this reduction of reporter gene expression could be due to changing cell fates in pros mutant embryos. However, consistent with the observation of reduced reporter gene expression in embryos lacking Pros activity, ectopic Pros expression results in ectopic activation of this reporter construct (Fig. 7A,B) . In contrast, the reporter gene construct 0 -6F/R, exhibits the opposite effect in the presence of ectopically expressed Pros (Fig.  7C,D) . Here, Pros expression results in the suppression of lacZ expression, suggesting that Dap-5 0 -6F/R contains sequences that mediate a negative transcriptional response to the presence of ectopic Pros. Finally, Dap-DEL, a reporter construct expressed specifically in the nervous system, is ectopically expressed at stage 10 following misexpression of Pros (Fig. 7E,F) , whereas in stage 12 embryos, the same reporter gene construct is suppressed in the presence of ectopic Pros (Fig. 7G,H) . The two opposite responses of Dap-DEL toward ectopic Pros at different stages recapitulate the two modes of Pros function with regard to dap expression, observed in a loss-of-function pros mutant background. These observations support the notion that Pros has a dual role in the regulation of dap transcription.
Discussion
Complexity of transcriptional regulation of cell cycle regulatory genes
In an effort to understand the mechanism of controlling cell withdrawal from division at the proper time during developmental processes in Drosophila, we have mapped the cis-regulatory region of dap and shown a requirement for the pan-neural gene pros for its regulation. The structural features of cis-regulatory elements of dap, as identified in this study, show similarities to those of two other cell cycle regulatory genes, stg and DmcycE (Jones et al., 2000; Lehman et al., 1999) . For instance, the cis-regulatory elements of all three genes are composed of modular tissueand stage-specific cis-regulatory elements. In both dap and stg, negative regulatory elements have been identified. During embryogenesis, progression of the developmental program moves very rapidly. Therefore, cell cycle regulators need to respond to a variety of developmental signals that direct the formation of different lineages and tissues at overlapping developmental times. It is, hence, not surprising that complex sets of regulatory elements are employed to regulate the expression of cell cycle regulatory genes, such as dap, stg, and DmcycE. A modular structure of cis-regu- Fig. 6 . Pros activity is required for activation of the Dap-SB lacZ reporter gene during embryonic neurogenesis. Expression of Dap-SB lacZ (red) is reduced in ventral cords of homozygous pros mutant (B) embryos compared to wild-type (A) embryos. Double labeling of embryos with axon-specific monoclonal antibody BP102 (green) was used to identify pros mutant embryos based on their axonal defects. latory elements would allow tissue and/or lineage specific regulation in response to a wide range of tissue and/or lineage specific developmental signals.
The dap cis-regulatory region
The expression pattern of a series of Dap-lacZ constructs suggests that the transcriptional expression of dap is controlled through a complex array of cis-regulatory elements. Our data indicates that Intron 2 of dap contains critical cis-regulatory elements for dap expression in both the embryonic and larval CNS as well as imaginal discs. In addition, dap expression in a subset of CNS cells during late CNS development requires sequences located upstream of the dap transcription unit. PNS expression appears to be mediated mainly by a 1-kb region located 5 0 to the epidermal element in the promoter. Two epidermal regulatory elements were identified, one is within a 2.5-kb fragment located 5 0 to the translation start site, and a second is located in the initial 529 bp of Intron 2. cis-regulatory elements mediating expression in tracheal pits, muscle, hindgut, and amnioserosa have also been identified in this study. Regulation of dap transcription also appears to involve tissuespecific negative regulatory elements. Three segments containing negative regulatory elements have been identified in this study. One segment suppresses the expression of Dap-lacZ constructs in the PNS, except chordotonal organs. A second segment was found to suppress reporter gene expression in the amnioserosa. Finally, a third element that suppresses reporter gene expression in epidermal cells was identified. We suspect there may be more repressor elements hidden within the tested DNA sequences, since some of the tested DNA segments are still quite large and direct expression in multiple tissues. The observation of distinct, tissue and/or lineage specific negative regulatory elements in the cis-regulatory region of dap may appear surprising given that the internal dap transcription unit is transcribed in these tissues and/or lineages during development. Therefore, positive regulatory elements have to be present in the intact dap cis-regulatory region, and absent in the respective lacZ reporter gene constructs, that counteract individual negative regulatory elements in the correct lineages at the proper developmental stages.
Developmental programs control cell cycle progression via dap
Evidence from knockout mice and cell culture systems indicates that the expression of mammalian CKIs of the Cip/ Kip family is regulated by developmental signals (review by Zhang, 1999 ). This hypothesis is further supported by studies of Xenopus and C. elegans CKIs, and Drosophila cell cycle regulatory genes stg, DmcycE, and dap (de Nooij et al., 1996; Hardcastle and Papalopulu, 2000; Hong et al., 1998; Jones et al., 2000; Lane et al., 1996; Lehman et al., 1999) . Although developmental regulation of the expression of a cell cycle regulator may be universal, there are presently only a few developmental genes implicated in regulating cell cycle progression (Ohnuma et al., 2001) .
pros, a pan-neural gene, has previously been shown to regulate the expression of cell cycle regulatory genes including stg and DmcycE (Li and Vaessin, 2000) . Here we have shown that pros also plays a role in regulating dap expression during embryonic neurogenesis. Studies in knockout mice revealed that the mouse Pros homologue Prox1 is required for the expression of two CKIs, p27 kip1 and p57 kip2 in lens fiber development (Wigle et al., 1999) . Thus, both Drosophila Pros and mouse Prox1 have been shown to regulate the expression of CKIs of the Cip/Kip family, pointing to a conservation in the regulation of Cip/Kip expression. However, differences are also evident. In Prox1 knockout mice, the expression of p27 kip1 and p57 kip2 is reduced in the lens fibers of mutant embryos, while in Drosophila homozygous pros mutant embryos, dap expression is initially delayed at an earlier developmental stage, but increases during later stages in the developing CNS. Thus in mice, Prox1 appears to function mainly to activate the expression of two CKIs of the Cip/Kip family, while in Drosophila, Pros functions first to initiate dap expression at the proper time and later to restrict dap expression. In Drosophila, dap is eventually expressed by early stage 11 in pros mutant embryos, indicating the presence of redundant regulatory mechanisms in the activation of dap transcription. For the vertebrate Pros homologues no role in the suppression of Cip/ Kip genes has been reported that would parallel the observation that Pros suppresses dap expression during late embryogenesis. However, it has been reported earlier that unlike vertebrate Kips which continue to be expressed after terminal differentiation, dap is only transiently expressed at high levels when cells exit from mitotic activity (Harper and Elledge, 1996; Lane et al., 1996) . This may explain the differences in regulation of mouse Kips and Drosophila dap by Prox1 and Pros, respectively. However, while the functional significance for a Pros mediated suppression dap expression is presently not clear, a similar requirement of pros function for the suppression of the transcriptional expression of cell cycle regulatory genes such as cyclin A, Dmcyc E, stg, E2f during late embryogenesis has been previously observed (Li and Vaessin, 2000) . This observation raises the possibility that continued expression of these cell cycle regulatory genes in neurons and glia may interfere with normal differentiation and/or function of these cells.
Pros protein and RNA have been shown to localize asymmetrically to the cytoplasmic membrane of neuroblasts (Hirata et al., 1995; Knoblich et al., 1995; Spana and Doe, 1995) . When neuroblasts divide, Pros is distributed only to one daughter cell, the GMC. Pros then translocate from the cytoplasm into the nucleus of the GMC. The translocation of Pros into the GMC nucleus coincides with time when GMCs start to express dap and exit from mitosis to undergo terminal differentiation to generate neurons or glia (de Nooij et al., 1996; Lane et al., 1996) . It was suggested that nuclear Pros and Dap function in concert to prevent further cell proliferation in the GMCs of the developing CNS (Li and Vaessin, 2000) . While nuclear Pros suppresses the transcription of cell cycle regulatory genes, such as stg and DmcycE, to prevent further cell proliferation, Dap promotes G1 arrest through inhibition of CDK2/cycE kinase activity. The observation that dap expression is delayed in pros homozygous mutant embryos at early neurogenesis (stage 10) indicates that the activities of nuclear Pros and Dap do not function exclusively in a parallel way, but that Pros also regulates cell cycle exit via regulation of the CKI gene dap (Li and Vaessin, 2000) . However, while our data show that Pros plays a critical role in regulating dap expression, further experiments are required to determine whether this regulation is direct or indirect.
Two basic helix-loop-helix (bHLH) pan-neural genes, dpn and ase, have been shown to play critical roles in regulating dap expression during CNS development in third instar larvae (Wallace et al., 2000) . Dpn negatively regulates dap expression, while Ase has a positive effect on dap expression. Changing Dpn and Ase dosage results in altered mitotic activity in brain lobes of third instar larvae that is paralleled by changes in dap expression (Wallace et al., 2000) . In vertebrates, HES-1, a transcription factor with high similarity to the Drosophila Hairy and Dpn bHLH proteins, functions as a negative regulator of neuronal differentiation, and has been shown to suppress the transcription of the p21 cip promoter in PC12 cells (Castella et al., 1999) . This suggests the existence of a conserved mechanism of developmental control of CKIs by bHLH proteins. It is of interest in this context that Pros has been shown to be a negative regulator of dpn transcription in the larval CNS (Liu and Vaessin, not shown). It will thus be interesting to test the extent to which bHLH proteins and Pros interact in the transcriptional regulation of dap expression during development.
Conclusions
In summary, we have identified cis-regulatory elements located in the dap transcription unit. The identified cis-regulatory elements are organized in tissue-specific modular arrays that contain both positive and negative components. Further, we identified Pros, a pan-neural transcription factor expressed in all neuronal lineages, as a regulator of dap transcription. Our observation that Pros regulates the cell cycle via dap transcription provides a model for the linkage of developmental programs to cell cycle progression and differentiation through modulating cell cycle regulatory genes.
Experimental procedures
Fly stocks and genetic crosses pros
JO13 /TM3, Sb, Ubx-lacZ has been described in Vaessin et al. (1991) and Li and Vaessin (2000) . Homozygous pros mutant embryos were identified based on the axonal defects associated with loss of pros function Li and Vaessin, 2000) using BP102 monoclonal antibodies, or through absence of Ubx-lacZ reporter gene product. The pUAST/Gal 4 system (Brand and Perrimon, 1993) was used for ectopic expression of full-length Pros by crossing UAS-pros flies (Manning and Doe, 1999) to Krüp-pel-Gal 4 driver lines. Ectopic expression of Pros was verified with anti-Pros antiserum (Spana and Doe, 1995; Vaessin et al., 1991) . Glial cells were identified with antiRepo antiserum (Halter et al., 1995) .
Generation of dap-lacZ reporter gene constructs
Genomic DNA fragments used in dap-lacZ reporter genes are shown in Fig. 1 P-element-mediated transformation to introduce the different reporter gene constructs into Drosophila was performed according to Spradling (1986) . For each construct, at least four independent lines were examined for reporter gene expression.
In situ hybridization and immunohistochemistry
In situ hybridization to whole-mount embryos was performed as described previously (Vaessin et al., 1991) using digoxygenin (Dig)-labeled anti-sense RNA probes and alkaline phosphatase (AP)-conjugated anti-Dig antibodies (Boehringer Mannheim). For in situ hybridization involving two probes we utilized Dig-labeled anti-sense RNA probes and fluorescein labeled anti-sense RNA probes. In situ hybridization was performed as with single probes. Antibody detection of the hybridized probes was performed with pre-absorbed AP-conjugated anti-Dig antibodies (Boehringer Mannheim) and pre-absorbed horseradish peroxidase (HRP)-conjugated anti-Fluorescein antibody (Boehringer Mannheim). Enzymatic detection of bound antibodies was performed sequentially. HRP detection was performed first, followed by AP detection. For in situ hybridization analysis or immunohistochemistry in larval tissues, larval brains and eye discs were dissected from third instar larvae and fixed for 20 min in 10% formaldehyde/PBT solution for RNA in situ hybridization or 4% paraformaldehyde/ phosphate buffered saline (PBS) solution for immunohistochemistry. Immunohistochemistry was performed as described in Vaessin et al. (1991) using rabbit anti-b-gal, 1:2000 dilution (Cappel), mouse anti-BP102 (Hybridoma Bank, University of Iowa), 1:20 dilution. The secondary antibodies used were fluorescein isothiocyanate (FITC) conjugated goat-anti-mouse 1:200 dilution (Cappel, Malverne, PA), Rhodamine conjugated goat-anti-rabbit 1:200 dilution (Cappel). AP conjugated anti-Dig antibodies in RNA in situ hybridization were visualized by light microscopy using Nomarski optics. Fluorescent conjugated secondary antibodies in immunohistochemistry were visualized using a Biorad MRC1024 system.
